Previous studies on the neurocognitive impact of cannabis use have found working and declarative memory deficits that tend to normalize with abstinence. An unexplored aspect of cognitive function in chronic cannabis users is the ability to distinguish between veridical and illusory memories, a crucial aspect of reality monitoring that relies on adequate memory function and cognitive control. Using functional magnetic resonance imaging, we show that abstinent cannabis users have an increased susceptibility to false memories, failing to identify lure stimuli as events that never occurred. In addition to impaired performance, cannabis users display reduced activation in areas associated with memory processing within the lateral and medial temporal lobe (MTL), and in parietal and frontal brain regions involved in attention and performance monitoring. Furthermore, cannabis consumption was inversely correlated with MTL activity, suggesting that the drug is especially detrimental to the episodic aspects of memory. These findings indicate that cannabis users have an increased susceptibility to memory distortions even when abstinent and drug-free, suggesting a long-lasting compromise of memory and cognitive control mechanisms involved in reality monitoring.
INTRODUCTION
Cannabis is the most widely used recreational drug worldwide after alcohol and tobacco. 1, 2 Despite changing attitudes in the perceived risks associated with this substance and decriminalization initiatives taking place in many US states and countries, 1,3 the health implications of long-term cannabis consumption are still a matter of concern. 4 Regular use of cannabis has been associated with adverse health consequences, including psychiatric and neurocognitive disorders. Besides the more immediate risk of developing cannabis dependence, 5 other mental disorders, such as anxiety, depression or psychosis, 6, 7 and cognitive impairment have also been described. 8 One recent study involving over a thousand individuals found that chronic cannabis use is associated with cognitive decline, with greater deterioration being observed in those individuals presenting a more persistent use. 9 Among the various cognitive domains studied, memory is one of the most frequently identified as being negatively affected by cannabis. [9] [10] [11] Impaired working and declarative memory are well-known aspects of acute intoxication. 12 Cannabis preparations and delta-9-tetrahydrocannabinol, its main active principle, acutely deteriorate the ability to retain information for short periods of time, 8, 13 and impair episodic memory and verbal recall. 14, 15 A characteristic of cannabis consumption is that residual effects can linger for days after the most recent use. 10 Typically, these deleterious effects gradually wear off and memory processes normalize after several weeks of abstinence. 16, 17 However, some studies in heavy cannabis users have observed impairment persisting even months after the last consumption. 9, 10 In addition to impaired performance, imaging studies in chronic cannabis users have found structural brain alterations in the hippocampus, a key area in the memory processing network. Notably, decreases in hippocampal volume showed an association with the amount of cannabis used. [18] [19] [20] These structural changes may be long-lasting, as volume reductions can persist even after abstinence of 6 months. 18 An unknown aspect of long-term cannabis use is its potential to disrupt memory and reality monitoring mechanisms that normally allow us to distinguish between veridical and illusory events. Avoiding memory distortions may be extremely relevant in certain contexts such as the courtroom and forensic examination, and in a more general context this ability provides us with an adequate sense of reality that guides future behavior based on past experiences. Memories of events that never occurred, or false memories, can be found in neurological and psychiatric conditions. They have been described in post-traumatic stress disorder, psychosis, dissociative disorders and in cases of confabulation or 'honest lying' associated with confessions of uncommitted crimes, among others. 21 However, in a more subtle form, false memories are also a common occurrence in everyday life in healthy individuals 22 and show an increase with age. 23 Susceptibility to this phenomenon probably has a neural basis, as it has been linked to individual differences in white matter microstructure.
False memories can be induced in laboratory conditions using experimental procedures such as the Deese-Roediger-McDermott paradigm. 25 In this task, participants study a list of words that are later presented together with semantically unrelated new words and semantically related new words (lures). 25 Lures induce the illusion of a false memory where participants mistakenly claim that the new stimulus has been encountered previously. The correct identification of lures as previously unseen stimuli is more cognitively demanding than that of unrelated novel stimuli, the former leading to greater activation of medial temporal lobe (MTL), parietal and frontal brain regions. 26 In the present study we tested susceptibility to false memories in a group of abstinent heavy cannabis users and their matched controls using the DeeseRoediger-McDermott paradigm in association with functional magnetic resonance imaging (fMRI; see online methods).
MATERIALS AND METHODS Ethics
The study was approved by the Ethics Committee of Sant Pau Hospital and all participants gave their written consent to participate.
Participants
We recruited a group of 16 heavy cannabis users not seeking or having a history of treatment for their cannabis consumption. We defined heavy cannabis use as daily use for at least the last 2 years. The recruited sample had never been diagnosed with a psychiatric or neurological condition including alcohol or other drug abuse. Cannabis users were matched to a cannabis-naive (o50 occasions of cannabis use in their lifetime) group of healthy controls, free of psychiatric or neurological conditions. Fourteen controls had used cannabis o10 times and only two had used it between 10 and 50 times. To rule out a history of psychiatric and neurological disorders, users and controls were interviewed by a clinical psychologist. The two groups were matched taking into account the following sociodemographic variables: sex, age, years of education, verbal intelligence and fluid intelligence. Verbal intelligence was assessed using a Spanish version of the NART, 27 known as TAP-'Test de Acentuación de Palabras' ('word accentuation test'). 28 Fluid intelligence was assessed using a computerized version of the Matrix Reasoning from the Wechsler Adult Intelligence Scale-III. 29 Detailed socio-demographic data for each group is provided as Supplementary information.
Cannabis users had taken the drug an average of around 42 000 times (range: 4 000-246 375) times. The average number of years of use was 21 . The average number of daily cannabis cigarettes smoked was 5 and the average age of initial use was 17 (12) (13) (14) (15) (16) (17) (18) (19) (20) years. We did not exclude tobacco smokers from the study and they were not instructed to abstain from tobacco during the study. Ten participants in the cannabis group and four in the control group were currently using tobacco. Participants abstained from cannabis use for at least 4 weeks prior to testing. Urine samples were taken during the 4-week period and immediately before the experimental session. All participants tested negative for cannabis, alcohol, benzodiazepines, amphetamines, opiates and cocaine on their day of participation.
Memory paradigm
The memory paradigm consisted in a modified version of the DeeseRoediger-McDermott paradigm 25 and included a study phase and a testing phase (see Supplementary information). Both phases were conducted with the participant in the MRI scanner. Stimuli were presented using goggles and behavioral responses were recorded by button press using a magnetcompatible response pad.
The study phase comprised 20 lists of four words. Prior to the presentation of the four words comprising a list, the name of that list was announced on the screen. Of the 20 lists, fifteen comprised four semantically related Spanish words and the other 5 lists comprised 3 semantically related words plus a catch word. Catch words were semantically unrelated to the list announced and were used to control for the participant's attention during the task. A total of 80 stimuli were presented during the study phase: 75 legitimate words plus 5 catch words. Participants were requested to indicate by button press whether the presented word belonged to the announced list. The order of presentation of the 20 word lists was randomized between participants. The study phase lasted 11 min.
Approximately 15 min after completion of the study phase, the test phase was conducted and lasted 14 min. Participants were presented with the 75 legitimate words shown during the study phase plus 40 semantically unrelated new words and 40 semantically related new words (lures, see stimuli tables in the Supplementary information file). Stimuli were presented in semi-random order with the restriction that the same type of stimulus (old, new or lure) was not presented more than twice in succession. We used a rapid presentation event-related design. Stimulus duration was 500 ms. The stimulus onset asynchrony was on average 5.125 s and it was jittered between 4 s and 10 s. The order and timing of events were optimized using the Optseq2 software (http://surfer.nmr.mgh. harvard.edu/optseq/). Participants were required to judge whether a word had been presented in the study phase and make an old vs new decision by button press. The task had the following outcomes: (1) a studied word was correctly classified as old or 'hit' (true memory recognition); (2) a studied word was incorrectly classified as new or 'miss'; (3) a non-studied word was correctly classified as new or 'correct rejection of new word'; (4) a non-studied word was incorrectly classified as old or 'false alarm'; (5) a lure was correctly classified as new or 'false memory rejection'; and (6) Preprocessing of imaging data fMRI data were analyzed using the SPM8 software. Raw echo-planarimaging images were slice time and motion corrected. Echo-planarimaging images were then co-registered to each individual's structural T1 image. T1 images were normalized to the T1 Montreal Neurologic Institute template and the obtained parameters were used to transform the echoplanar-imaging images into Montreal Neurologic Institute space. Normalized images were subjected to high-pass temporal filtering (128 s or 0.008 Hz) and to spatial smoothing using an 8 mm Gaussian filter.
Statistical analysis
A first-level analysis was performed for each individual using a design matrix that included the following predictors: 'hit', 'miss', 'correct rejection of new word', 'false alarm', 'false memory rejection', 'false recognition'. Motion correction parameters and the temporal and hemodynamic response function dispersion derivatives were introduced in the model as covariates. The contrast of interest 'false memory rejection'4'correct rejection of new word' was calculated for each participant.
The second level analysis involved a between-groups (cannabis and controls) comparison using an independent-samples t-test for the 'false memory rejection'4'correct rejection of new word' contrast. Both the controls4cannabis and cannabis4controls contrasts were calculated. We considered clusters to be significantly different between groups for P-values o0.001 uncorrected and a spatial extension of 10 contiguous voxels.
To assess for correlations between activation values and drug-use variables, mean fMRI parameter values for the different statistically significant clusters (region of interest) were calculated for each individual. The voxels included in the calculations for each cluster were those showing P-values o0.001 uncorrected.
RESULTS

Behavior
The analysis of behavioral data obtained in the study phase did not detect differences between groups regarding their degree of attention. Thus, the number of correctly identified catch trials, expressed as mean ± s.d., was 4.00 ± 0.63 for the controls and 4.18 ± 0.75 for the cannabis users t(30) = − 0.76, P40.1.
The analysis of behavioral data in the test phase showed no differences between groups in the number of correctly recognized studied words (true memory recognition; mean ± s.d.: cannabis users, 64 ± 6; controls, 65 ± 6; t(30) = 0.4, P40.1) or in the number of correctly rejected new words (correct rejection of new words: cannabis users, 37 ± 3; controls, 39 ± 0.7; t(30) = 1.9, P = 0.076). No differences were found either in the time (in milliseconds) taken to correctly recognize studied words (cannabis users, 1185 ± 199; controls, 1089 ± 195; t(30) = − 1.36, P40.1), or to correctly reject new words (cannabis users, 1200 ± 345; controls, 1043 ± 196; t(30) = − 1.58, P40.1). However, as shown in Figure 1 , cannabis users showed significantly more false memories. A two-way analysis of variance, with outcome (false recognition vs false memory rejection) as within-subjects factor and participant group (cannabis vs controls) as between-subject factors, showed a significant interaction (F(1,30) = 5.60, P = 0.025). Lure words were falsely recognized as studied words more often (false recognition; cannabis users, 12 ± 6; controls, 8 ± 4; t(30) = − 2.24, P = 0.033), and were rejected less often (false memory rejection; cannabis users, 27 ± 6; controls, 32 ± 4; t(30) = 2.46, P = 0.021). fMRI Imaging data were analyzed specifically looking for differences between groups in the pattern of blood oxygenation level dependent (BOLD) response associated with the correct rejection of lures or false memory rejection as compared with the correct rejection of new words. Figure 2 shows the mentioned contrast separately for each of the two participant groups. Note the larger extension and lower P-values of active voxels in the control group. Figure 3 and Table 1 show the results of the between-groups comparison. Control participants showed higher activation for the contrast false memory rejection4correct rejection of new words in parietal, prefrontal, temporal and subcortical structures. All these structures have previously been found to be involved in the correct identification of false relative to new semantic stimuli. 26 Greater behavioral efficacy in the control group was thus associated with greater brain activity for the rejection of lures than for the rejection of new unrelated words.
Correlation analysis
To look for potential associations between the pattern of brain activation and history of cannabis use, we defined regions of interest for each of the statistically significant areas identified in the between-groups comparison. The parameters (beta values) associated with false memory rejection in each region of interest were extracted only for the cannabis group, and their values were correlated with drug-use data: lifetime cannabis consumption, years of use and amount of cannabis used daily. As shown in Figure 4 , a significant negative correlation (r = − 0.806, r 2 = 0.650, Po 0.001) was found between activity in the MTL regions of interest and lifetime cannabis use (log value of the estimated number of cannabis cigarettes smoked).
DISCUSSION
Our results show that cannabis users had a higher susceptibility to memory illusions, as observed in certain neurologic and psychiatric populations, 21 and elderly individuals. 23 They further identify the functional substrate of this deficit in the hypoactivation of a series of spatially distributed brain regions participating in the network involved in semantic 30 and episodic 31 retrieval. The network identified fits nicely with previous studies that have shown that compared with new items, recognition of false stimuli leads to greater activation of the hippocampus and the parahippocampal gyrus, and also of the left parietal and left dorsolateral prefrontal cortices in healthy subjects. 26 Although activation of MTL structures in these tasks can be directly associated with memory, 32 the parietal cortex can be linked to attentional processes and the dorsolateral prefrontal cortex to monitoring issues in this context. 33 It has been shown that the effective rejection of lures leads to greater activation of the dorsolateral prefrontal cortex 34 and lesions at this level lead to increased false recognition in neurological patients. 35 Thus, rather than a compromise of memory structures per se (that is, the hippocampus), our results point to a more diffuse impairment, which leads to a reduced capacity to deal with the retrieval and monitoring demands needed to differentiate between illusory and real events.
From a theoretical perspective, two main accounts have been put forward to explain the false memory phenomenon: the fuzzy trace theory and the activation-monitoring account. The fuzzy trace theory postulates that stimuli are encoded into two types of memory traces: a 'verbatim' trace containing specific details and features associated with the stimulus, and a 'gist' trace that contains more general aspects of the encoding event. False memories occur when new stimuli share certain features with past events and elicit the retrieval of the gist trace, but not the verbatim trace. 36 In contrast, the activation-monitoring account 37 postulates that cognitive control mechanisms need to be engaged to correctly identify and reject the highly activated lures. According to this view, false memories occur when monitoring mechanisms fail to identify the non-studied but semantically related lures.
Our findings can be interpreted in the light of the two accounts described above. The between-groups comparison of fMRI activation maps showed activity not only in distributed brain areas participating in semantic 30 and episodic 31 retrieval, but also in cognitive control, as suggested by the significant dorsolateral prefrontal clusters identified. 38, 39 The greater activation found for the control group in the medial and lateral temporal cortices suggests access to both the semantic (lateral) and episodic (medial) features of the studied stimuli. Using the terminology of the fuzzy trace account, controls would take advantage of both the verbatim and gist traces when deciding to reject a false memory. On the contrary, the inverse correlation found between lifetime cannabis use and the BOLD response in the MTL suggests that chronic exposure to cannabis may be especially detrimental to the brain structure providing the episodic or gist features to Chronic cannabis impairs reality monitoring J Riba et al stored information. Cannabis users may have been left more dependent on the verbatim features of stimuli to decide whether a given word was a legitimate memory or not. Paradoxically, the greater activation of gist-related information in the control group compared with the cannabis group might have made them more vulnerable to false memories. Concurrent retrieval of item-based (verbatim) and context-based (gist) information in the control group might elicit conflict and require the engagement of cognitive control mechanisms, explaining the increased frontal activation observed in the controls. Thus, a more efficient conflictor activation-monitoring, as signaled by increased dorsolateral prefrontal activity, may have led to the final outcome of better performance in the control group. Further evidence of MTL and prefrontal impairment by cannabis is provided by magnetic resonance spectroscopy studies. Using this technique, researchers have found detrimental neurometabolic changes in these brain areas. For instance, Silveri and colleagues have reported decreased myo-inositol/creatine levels in the MTL and thalamus of users. 40, 41 Hermann et al. 42 have found reduced N-acetyl-aspartate/total creatine ratios in the dorsolateral prefrontal of recreational users, and Cowan et al. 43 have found analogous decreases in Brodmann area 45 in the inferior frontal Group differences between controls and cannabis users. The images show the results of the voxel-wise independent-samples t-test controls 4 cannabis users for the contrast 'false memory rejection' 4 'correct rejection of new word' . The brain regions depicted showed significantly higher activation in the control group as compared with the cannabis using group at P = 0.001 uncorrected. No significant results were obtained for the contrast cannabis users4controls. For depiction purposes results are shown at P = 0.005.
gyrus. Considering that analogous neurometabolic changes can be observed in older individuals 44 and that reality monitoring deficits increase with age, 45 we speculate that chronic cannabis use could aggravate the memory deficits associated with the normal ageing process.
Our findings extend previous knowledge on the impact of cannabis use on memory 12 and executive function. 8 Although there are contradictory results regarding the normalization of memory in the long term, 9,10,16 impairment has been associated with the intensity of cannabis use, with heavy users showing deficits in various memory functions. 46 Interestingly, many neuroimaging studies implementing simple memory tasks have failed to find differences in performance between heavy cannabis users and controls. 12 Our findings suggest that impairment may be more subtle and affect more complex cognitive processes, like those involved in the Deese-Roediger-McDermott paradigm.
A limitation of our study is the potential presence of residual THC levels in the brain in the absence of detectable levels in other biological matrices (in our case, urine). Whereas most studies in humans consider that cognitive testing after a 4-week period will assess the long-term effects of cannabis rather than its residual effects, 8 a longer persistence of THC in the brain has also been observed. 47 Thus, although unlikely, the presence of small amounts of THC in the body cannot be entirely ruled out.
Taken together, the present results indicate that long-term heavy cannabis users are at an increased risk of experiencing memory errors even when abstinent and drug-free. These deficits show a neural basis and suggest a subtle compromise of brain mechanisms involved in reality monitoring. Though subtle, the deficits found bear similarities with alterations observed in psychiatric and neurologic conditions and also with age-related cognitive decline. This lingering diminished ability to tell true from false may have medical, and legal implications. Future studies should address these issues and assess whether the deficits found here extend to other forms of memory distortion and reality monitoring beyond the false memory phenomenon. 
